Abstract: Gene expression patterns are effectively regulated by turnover and translation regulatory (TTR) RNA-binding proteins (RBPs). The TTR-RBPs control gene expression at posttranscriptional levels, such as pre-mRNA splicing, mRNA cytoplasmic export, turnover, storage, and translation. Double-stranded RNA binding proteins (DSRBPs) are known to regulate many processes of cellular metabolism, including transcriptional control, translational control, mRNA processing and localization. Nuclear factor 90 (NF90), one of the DSRBPs, is abundantly expressed in vertebrate tissue and participates in many aspects of RNA metabolism. NF90 was originally purified as a component of a DNA binding complex which binds to the antigen recognition response element 2 in the interleukin 2 promoter. Recent studies have provided us with interesting insights into its possible physiological roles in RNA metabolism, including transcription, degradation, and translation. In addition, it was shown that NF90 regulates microRNA expression. In this review, we try to focus on the function of NF90 in posttranscriptional gene regulation and microRNA biogenesis.
Introduction
Posttranscriptional gene regulation contributes to biological diversity in many physiological activities and pathological conditions, such as tissue specificity, aging, oxidative stress, inflammation and tumorigenesis. The turnover and translation regulatory (TTR) RNA-binding proteins (RBPs) and non-coding RNAs including microRNAs (miRNAs), influence many posttranscriptional processes, such as pre-mRNA splicing, transport, degradation, storage and translation [1, 2] . Although some TTR-RBPs regulate a specific posttranscriptional process, e.g., tristetraprolin (TTP) and KH-type splicing regulatory protein (KSRP) specifically promote mRNA degradation [3] [4] [5] , most TTR-RBPs can modulate multiple posttranscriptional processes. For example, HuR and nuclear factor 90 (NF90) regulate both mRNA translation and stability [6] [7] [8] [9] . These TTR-RBPs regulate the posttranscriptional fate of target mRNAs, mainly by binding to their target sequences within the 3'-untranslated region (UTR), but sometimes within the 5'UTR or the coding region [10] [11] [12] .
A group of double-stranded (ds) RNA binding proteins (DSRBPs) contain a nucleic acid-binding motif (double-stranded RNA-binding motif, dsRBM), which characteristically binds to A-form double helix RNAs and several highly structured single-stranded (ss) RNAs, such as the adenovirus VA RNAs, but not to dsDNA, ssDNA, or ssRNA [13] . DSRBPs contribute to several aspects of cellular metabolism, including transcriptional activation, translational control, and mRNA processing and localization. Since most dsRBM-dsRNA interactions are mediated by phosphodiester backbone and 2'-OH groups, dsRBMs do not have any RNA sequence specificity. However, sequence-dependent structures of RNAs could provide a possible source of binding specificity recognized by dsRBMs [14] [15] [16] [17] . The dsRBMs also contribute to protein-protein interactions between DSRBPs in the absence of dsRNA [18] [19] [20] .
Among DSRBPs, the NF90 family harbors interesting abilities to bind to ssRNA at high concentrations, DNA-RNA hybrids, ssDNA and dsDNA [20] [21] [22] [23] [24] . The NF90 family is known to be abundantly expressed in vertebrate tissue [25] , and to participate in many aspects of RNA metabolism, including transcription, degradation, and translation [26] . Here, we try to focus on the function of this unique DSRBP NF90 family in posttranscriptional gene regulation and miRNA biogenesis.
NF90 Structure
The NF90 family is known to be transcribed from the interleukin enhancer binding factor 3 (ILF3) gene, and at least five distinct transcripts generated by two alternative splicing and three polyadenylation events have been identified in a human melanoma cDNA library ( Figure 1 ) [27] . The two most prominent protein isoforms have apparent molecular masses of 90 kDa and 110 kDa, and are termed NF90 (also known as DRBP76 and NFAR1) and NF110 (also known as ILF3, NFAR2, and TCP110), respectively. Both NF90 and NF110 are homologous in the N-terminal and central regions but they vary at their C-termini [27] [28] [29] . Since an additional alternate splicing event at the competing 3' splice site of the intron 13/exon 14 boundary inserts four amino acids (NVKQ) into the region between the two dsRBMs, NF90 and NF110 are separated into two further isoforms, NF90a/b and NF110a/b. NF90b and NF110b have the NVKQ insert, while NF90a and NF110a do not [27] .
NF90 and NF110 contain a DZF (dsRBM and zinc finger associated) domain in the N-terminal regions, a nuclear localization signal (NLS) and two dsRBMs in the central regions, and an RGG motif that is capable of nucleic acid binding in the C-terminal region (Figure 1 ). The DZF domains are conserved in other proteins, such as nuclear factor 45 (NF45), spermatid perinuclear RNA-binding protein (SPNR) and zinc-finger protein associated with RNA (ZFR) [30] . Through the DZF domain, NF45 forms a heterodimer with NF90 or NF110 and stabilizes them [31] . NF110 also has an additional GQSY-rich region that can interact with nucleic acids. 
NF90 Function in Transcription
NF90 was originally identified as a component of a DNA binding complex that interacts with the antigen recognition response element 2 (ARRE-2) in the interleukin 2 (IL-2) promoter and participates in the up-regulation of IL-2, which is a cytokine required for T-cell proliferation [22] . Several lines of evidence have shown that NF90 and NF45 could function as DNA-binding proteins [24, 32, 33] , although they do not contain any DNA-binding motifs and the NF90/NF45 complex does not have any direct ability to interact with DNA. Recent reports showed that NF90 and NF45 are in a complex containing the Ku proteins, DNA-protein kinase (PK) and eukaryotic initiation factor 2 (eIF2), suggesting that the interaction between the NF90/NF45 complex and DNA is mediated by these protein partners [34, 35] . Furthermore, NF90 also interacts with the dsRNA-activated protein kinase, PKR, and acts as a substrate as well as a regulator of PKR [20, 25, 36, 37] .
NF90 is predominantly expressed in the nucleus, and can regulate transcription in mammalian cells either positively or negatively [25, 26, 38] . The NF90/NF45 complex stimulates transcription from a cytomegalovirus (CMV) promoter. The association of NF45 with NF90 induces an active conformation of NF90, which is capable of being recruited to a CMV promoter region [26] . NF90 also inhibits transcription from the adenovirus ML1 promoter [26] . NF90 is recruited to the Gal4 binding sites of the ML1 promoter by the S.cerevisiae Gal4 binding domain, independently of the association with NF45.
The Xenopus homologs of NF110 and NF90, CBTF122 and CBTF98 respectively, form the CAATT-box transcription factor complex and bind to the CAATT regulatory element in the GATA-2 promoter after the mid-blastula transition. This complex is sequestered in the cytoplasm by binding to the untranslated mRNAs, and translocated into the nucleus when these RNAs are degraded in the cytoplasm. The dsRBMs of CBTF122 are essential for this regulatory control [23, 39] .
NF90 in Post-Transcriptional Gene Regulation
Although NF90 is mostly expressed in the nucleus, several stimuli are able to cause its translocation to the cytoplasm. Recent transcriptome analyses including ribonucleoprotein immunoprecipitation followed by microarray analysis (RIP-chip) have revealed dozens of NF90 targets in the cytoplasm. Sequence comparison of NF90 target mRNAs revealed that NF90-associated mRNAs mostly contain a 25-to 30-nucleotide-long, highly AU-rich motif in their 3'UTR [40] . Neplioueva et al. also reported tissue-specific expression of NF90, and identified its target mRNAs in HEK293 cells [41] . These results indicate that NF90 could contribute to posttranscriptional gene regulation.
Control of mRNA Turnover
The half-life of an mRNA varies in response to different stimuli. Since the stability of mRNA decreases or increases rapidly, the levels of mRNA in the cell can change dramatically without transcriptional changes [42, 43] . The half-life of mRNA is usually regulated by AU-rich elements located within its 3'UTR [44] . NF90 was shown to enhance the stability of many transcripts in response to several stimuli (Table 1 ). Shim and co-workers showed that NF90 translocates from the nucleus to the cytoplasm during T-cell activation [7] . Cytoplasmic NF90 bound to AU-rich elements in the 3'UTR of IL-2 mRNA, and inhibited its degradation. Oxidative stress by hydrogen peroxide increases the association of NF90 and HuR to the 3'UTR of the mitogen-activated protein kinase phosphatase 1 (MKP-1) mRNA, and stabilizes it [45] . Since NF90 can also inhibit MKP-1 translation, NF90 dissociates from MKP-1 mRNA by 4 h after exposure to the oxidant, sparing MKP-1 mRNA from translational suppression. In response to hypoxia, NF90 binds to the stem-loop hypoxia stability region in the 3'UTR of the vascular endothelial growth factor (VEGF) mRNA, and increases its stability without altering the HIF-1-dependent transcriptional activity [46] . The cyclin-dependent kinase inhibitor p21 WAF1/Cip1 and the myogenic transcription factor MyoD mRNA are also targets of NF90, since these mRNAs contain secondary structures that include regions of dsRNA and hairpin loops. NF90 stabilizes these mRNAs and promotes myogenic differentiation of skeletal muscles [47] . The mechanisms by which NF90 stabilizes its target mRNAs remain largely unknown. CD28 stimulates AKT-mediated phosphorylation of NF90 at Ser 647 , which induced NF90 translocation to the cytoplasm, leading to stabilization of IL-2 mRNA [48] . PMA stimulation of Jurkat T cells also promotes PKCβ1-mediated phosphorylation of NF90 at Ser 647 and induces nuclear export of NF90 and IL-2 mRNA stabilization [49] . The association of NF90 to target mRNA might block the assembly of destabilizing RBPs and/or microRNAs onto their target mRNAs, as recently shown for HuR [50] . Recently, the long noncoding RNA-Low Expression in Tumor (lncRNA-LET), was shown to interact with the NF90 protein. The association of lncRNA-LET with NF90 promotes the NF90 protein ubiquitination and degradation, leading to destabilization of target mRNAs [51] .
Control of mRNA Translation
The translation of mRNA is regulated at the initiation (by increasing or decreasing the loading of ribosomes onto the mRNA), the elongation, or the termination steps. NF90 has been shown to regulate translation of some target mRNAs (Table 1) . NF90 inhibits the translation of β-glucosidase, MKP-1, MCP-1, GROa, IL-6, and IL-8 mRNAs [28, 45, 52] . Recently, RIP-chip analysis revealed that NF90 represses the translation of CCNA, CCNI, CDC2, and EIF4E mRNAs, which contain the predicted NF90 binding motif (UAAUGAAUUAUUUAUCUUAUUUAA) in their 3'UTRs [40] . In contrast, NF90 activates the translation of VEGF mRNA in response to hypoxia and cyclin T1 in HIV-1 infection [44, 53] .
The crucial mechanism whereby NF90 regulates translation is also still unknown. Kuwano et al. showed that NF90 competed with the translational repressors TIAR and TIA-1 for binding to MKP-1 mRNAs in response to oxidative stress [45] . Pfeifer et al. showed that NF90 functions as a general inhibitor of mRNA export to the cytoplasm and depletion of NF90 causes an increase in protein synthesis rate [54] . It also could be hypothesized that binding of NF90 blocks the association of the translation initiation factors on target mRNA. Moreover, NF90 might recruit gene silencing factors, such as microRNAs, DICER, PACT and TRBP, onto the target mRNA [55] [56] [57] . In contrast, NF90 activates translation of cyclin T1 mRNA, facilitating 5'-3' loop formation via interaction with eIF2, ribosomes, and ribosomal protein S19 [53] . Further study is needed to fully elucidate the precise molecular mechanisms of NF90-mediated translational regulation. Table 1 . Target mRNAs of NF90. The table includes the NF90 target mRNAs (column 1) and the region(s) with which NF90 interacts (column 2), the posttranscriptional consequences of these interactions (column 3), and the conditions that modulate their association with mRNAs (column 4). 
NF90 in MicroRNA Biogenesis
The miRNAs are a class of ~21-nucleotide-long RNAs that regulate gene expression by degradation of RNA transcripts or translational inhibition of target mRNAs [58] . In mammals, less than 50% of protein-coding genes are regulated by miRNAs. Generally, miRNAs are transcribed from their genes as primary miRNA transcripts (pri-miRNA) by RNA polymerase II [59] . Then, Microprocessor complex containing Drosha and DGCR8 processes these pri-miRNAs into precursor miRNAs (pre-miRNAs). After this processing, the pre-miRNAs are exported to the cytoplasm by Exportin-5 and RanGTP [60] and cleaved into 22-nucleotide-long miRNA/miRNA* duplexes by Dicer [56] . One strand of this duplex, representing a mature miRNA, is then loaded into the miRNA-induced silencing complex (miRISC) which contains Argonaute (AGO) protein and glycine-tryptophan protein of 182 kDa (GW182), leading to interaction with target mRNAs that induces their translational repression, or degradation [58, 61] .
The Microprocessor complex forms a large protein complex with NF90 and NF45 [62] . Recently, it was shown that this NF90/NF45 protein complex functions as a negative regulator in miRNA biogenesis. Overexpression of NF90 and NF45 inhibits the production of miRNAs, including let-7a, miR-21, miR-185, miR-23b, miR-34a, miR-193a, miR-193b, and miR-181a, by blocking the processing of pri-miRNA [63] [64] [65] . In contrast, NF90/NF45 complex elevates the expression of miR-193b, miR-196b and miR-621 but decreases their pre-miRNAs levels, indicating that these miRNAs are regulated by a different processing pathway [64] .
The molecular roles of NF90 and NF45 in miRNA biogenesis have never been fully elucidated. Sakamoto et al. indicated that the NF90/NF45 complex might compete for the association of the Microprocessor complex with pri-miRNAs, leading to a decrease in miRNA production [63] .
NF90 Functions in Cellular Processes and Diseases
It has been suggested that NF90 is involved in many cellular processes, including immunity, differentiation, cell proliferation, angiogenesis, and the cell cycle [7, 46, 47, 66, 67] . Depletion of NF90 or NF45 suppresses cell growth by inhibiting DNA synthesis in HeLa cells [31] . In human tissues, the NF90 family proteins and NF45 are highly expressed in brain, testis, and thymus, whereas they are minimally expressed in lung, spleen, skeletal muscle, and liver, even though these mRNAs are ubiquitously expressed [25, 47, 68, 69] . These expression profiles suggest that these proteins could be more highly expressed in undifferentiated compared to differentiated cells.
NF90 also regulates mRNAs encoded by senescence-related genes. It has been implied that NF90 contributes to suppressing the acquisition of a senescence-associated secretory phenotype (SASP). In proliferating human fibroblasts, NF90 is highly expressed and inhibits the expression of SASP mRNAs by reducing their translation. In contrast, NF90 protein expression is markedly reduced in senescent fibroblasts. This reduction stimulates expression of numerous SASP factors, such as MCP-1, GROa, IL-6, and IL-8 [52] .
Cancer is one of the most prominent age-related diseases, and NF90 is increasingly recognized as a crucial regulator of cancer-related gene expression. Overexpression of NF90 was reported in nasopharyngeal carcinoma [66] , non-small cell lung carcinoma [70] , hepatocarcinoma [63] , ovarian cancer [71] , and breast cancer [65] . In breast cancer tissues, nuclear NF90 expression, but not cytoplasmic NF90 expression, correlates with urokinase-type plasminogen activator (uPA) levels and clinical tumor grades [65] . Moreover, depression of NF90 results in an increase of let-7a miRNA, which is a member of the tumor suppressing miRNAs, and growth inhibition in transformed cells [63] . Elucidation of the roles of NF90 in cancer development may reveal possible therapeutic targets for this fatal disease.
Conclusions and Perspective
In closing, our knowledge of posttranscriptional gene regulation in all biological areas has advanced remarkably over the past two decades. Many genes implicated in cancer, aging and age-related conditions encode mRNAs that are regulated through their stability and/or translation by TTR-RBPs, such as HuR, AUF1, TIA-1, and TTP [72, 73] . Since NF90 also functions as a regulator of mRNA transport, stability and translation, systematic analysis of NF90 targeted mRNAs and its interaction with these transcripts is informative for understanding the molecular mechanisms of TTR-RBP-mediated gene expression. As discussed above, NF90 regulates mRNAs that contain AU-rich elements (AREs) in their 3'UTRs. Many other TTR-RBPs, such as HuR, AUF1, TTP, BRF1, and KSRP, can also interact with the mRNAs containing AREs. Therefore, NF90 complexes formed with mRNAs bearing this motif may determine the posttranscriptional fate of target transcripts via competitive or cooperative interaction with other TTR-RBPs. Moreover, association of NF90 with its target mRNAs may be regulated by posttranslational modification of NF90, like NF90 phosphorylation at Ser 647 [48, 49] . Future investigation of these posttranslational modifications and their influence on the metabolism of target mRNAs will provide crucial insight into the function of NF90 as a gene expression regulator.
